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Abstract
Sled dogs were investigated as a sentinel in studying adaptation to the 
circumpolar north. Exploratory data were collected to study the characteristics of 
melatonin and thyroid hormone and revealed an impact of day length, exercise and 
thermoregulation on production. Before western diets, circumpolar people had a low 
incidence of obesity, diabetes, and cardiovascular disease. Contrary to the risks 
associated with a high fat, high protein diet, health benefits can be attributed to a diet rich 
in omega-3 fatty acids and antioxidants, offered from subsistence foods. While 
subsistence diets have been shown to provide substantial health benefits, there are also 
risks associated with them as a result of industrialization and the widespread distribution 
o f chemicals in the environment. Native people and their sled dogs are exposed to a 
variety o f contaminants that have accumulated in the fish and game that they consume. 
The sled dogs in these villages are maintained on indigenous food, primarily salmon, and 
therefore they can be used as models for researching the effects that a subsistence diet 
might have on immune parameters. Several biomarkers o f immune function and 
inflammation were measured in village sled dogs along the Yukon River. A reference 
kennel, maintained on a nutritionally balanced commercial diet, was also measured in all 
projects for comparison. The health indicators such as antioxidant status were inversely 
correlated with mercury exposure.
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1Chapter 1 
Introduction
1.1 Sled dogs as a model
Dogs have become a popular model for immune function, nutrition, exercise, 
toxicology and cognitive disorders (Strasser et al., 1993; Adams et al., 2000; Greeley et 
al., 2001; Milgram et al., 2002; Balagangatharathilagar et a l, 2006) because they have 
key features associated with cognitive dysfunctions, beta-amyloid pathology, and 
oxidative damage similar to that of humans (Milgram et al., 2002). Sled dog mushing, 
once used primarily as a means of transportation, has evolved into a popular national and 
international sport. This lends to diversity in climate, diet and location, providing great 
research opportunities. Sled dogs are unique research models because they can be found 
in a large, genetically homogenous sample size. Because of this, the effects of diet, 
exercise, disease, and environment can be observed on the immune, cardiovascular and 
endocrine systems.
Sled dogs in northern climates are often exposed to the same environmental 
hazards as their human counterparts (Hansen and Danscher, 1995). In many Alaskan 
villages sled dogs are still a fundamental part o f a traditional lifestyle, used for trapping, 
packing and transportation. Most o f these villages are small settlements, established on 
or near rivers to facilitate travel and to gather food. The diet o f both the natives and their 
sled dogs in Alaska is often comprised of a variety of wild game, fish and marine 
mammals (Andersen, 1992; McGrath-Hanna et al., 2003). Before the arrival of western
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
diets, circumpolar people had a low incidence of obesity, diabetes, and cardiovascular 
disease. Researchers attribute this to the loss of a typical subsistence diet, abundant in 
polyunsaturated fatty acids and antioxidants (Adler et al., 1994; Mozaffarian and Rimm, 
2006).
For Alaskan Natives that still live a subsistence lifestyle, contaminant exposure 
may be a health risk. Mercury is transported to the circumpolar north by means of wind, 
ocean currents and migrating animals. Concentrations o f mercury increase up trophic 
levels from prey to predator, in a process called biomagnification (Dehn et al., 2006; 
Tyrell, 2006). Native people are more exposed to contaminants because o f their reliance 
on marine mammals (Tyrell, 2006) and fish. Sled dogs provide a large homogenous 
sample size for studying the impact of subsistence lifestyles and subarctic environments 
on immune and endocrine functions.
1.2 Mercury exposure
Contaminants exposure has been linked to neurological illness, cancers, 
depression, cardiovascular disease, impaired immune function and endocrine disruption 
(Porterfield, 2000; Belanger et al., 2006; Tyrell, 2006). Several biomarkers associated 
with these diseases were measured in the following studies. Immune parameters and total 
mercury concentrations were measured in subsistence fed sled dogs in several villages 
along the Yukon River. Comparisons were made between these villages and a reference 
kennel, located in Salcha (65 °N), Alaska. An additional kennel was sampled in North 
Creek, NY (45 °N).
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1.3 Cross-latitudinal, diurnal and seasonal production in melatonin and thyroid 
hormone production
Melatonin and thyroid hormone production, both involved with immune and 
endocrine function, were also measured in sled dogs at different latitudes. Light cues 
detected through photoreceptor cells in the retina inhibit melatonin secretion via the 
suprachiasmatic nuclei (SCN) and therefore melatonin production is proportional to night 
length (Lincoln, 2006; Rajaratnam et al., 2006), giving melatonin both a diurnal and a 
seasonal rhythm which can vary between populations at differing latitudes (van Oort et 
al., 2006; Levine et al., 1994). The northern location of Fairbanks, Alaska can experience 
anywhere from 21 hours of daylight in the summer to 4 hours in the winter. This dramatic 
change is expected to affect the body’s internal clock by dictating the amount of 
melatonin produced.
The timing and amplitude o f melatonin production has been implicated in 
seasonal affective disorder (SAD) (Danilenko et al., 1994; Nelson et al., 2002). Light 
therapy has been shown to alleviate symptoms of depression in the winter (Danilenko et 
al., 1994; Leppamaki et al., 2002). Exercise alone or in combination with light therapy 
has been reported to have a positive impact on seasonal mood slumps (Leppamaki et al., 
2002). Melatonin production was monitored in sled dogs as a consequence o f season, 
daylight exposure, sampling time and exercise.
Thyroid hormone production is regulated by the hypothalamic-pituitary-thyroid 
hormone negative-feedback axis (Nelson et al., 2002). The main form of thyroid 
hormone produced by the thyroid gland is thyroxine (T4 ). Extrathyroid tissues regulate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the deiodization o f the “prohormone” T4 to the active form of the hormone, 
triiodothyronine (T3). Small increases in T4  and T3 suppress the production and secretion 
o f thyroid stimulating hormone (cTSH). Thyroid hormones, in serum, are either in a free 
form or bound to carrier proteins. Hypothyroidism is the most common endocrine 
disorder in dogs and very difficult to diagnose (Ferguson, 1994; Kaptein et al., 1994).
Documented deviations in human thyroid hormones have resulted from seasonal 
changes (Levine et al., 1995; Plasqui et al., 2003), exercise (Panciera et al., 2003), diurnal 
variations (Kaptein et al., 1994; Surks et al., 2005) and possibly as a consequence o f light 
(Levine et al., 1994). Cold environments are known to heighten thyroid activity (Plasqui 
et al., 2003), but the mechanism is uncertain. Fluctuations in thyroid hormone are not 
limited to seasonal cycles but diurnal variations are also present. We observed effects of 
thermoregulation, sampling time, day length and season on thyroid hormone production 
in sled dogs. Alaskan sled dogs on the winter solstice are exposed to only 3.5 hours of 
low light but these same dogs in the summer are exposed to 21 hour of daylight. Results 
presented here agree with previous reports suggesting sled dogs need a lowered reference 
range for thyroid hormone concentrations. Additionally, standardizing sampling time 
would improve comparative studies and advance the field.
1.4 Summary
Chapter 2 reports seasonal and diurnal variations in melatonin production in 
exercising and non-exercising sled dogs. Chapter 3 reports cross-latitudinal, seasonal and 
diurnal comparisons in thyroid hormone concentrations in sled dogs. Chapter 4 discusses
4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the linkages between mercury exposure in Yukon Rivers sled dogs and human 
subsistence food systems. And lastly, Chapter 5 illustrates relationships between immune 
parameters and mercury exposures in subsistence fed sled dogs along the Yukon River. 
Using sled dogs as a model should enhance our understanding of how exercise and diet 
can impact immune and endocrine function in climates with extreme temperatures and 
light variations.
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Chapter 2 
Seasonal and diurnal melatonin production in exercising sled dogs*
2.1 Abstract
Melatonin is a hormone that is released from the pineal gland into the blood 
stream and is controlled by nerve impulses from the suprachiasmatic nuclei. Melatonin 
synthesis, which is inhibited by light on the mammalian retina, peaks in plasma 
concentrations during the night. Though still a subject of intense research, melatonin in 
mammals is known to effect the reproductive system, thyroid function, and adaptations to 
seasonal changes. Sled dogs in Fairbanks, Alaska (65° N) can be exposed to anywhere 
from 21 hours of daylight in the summer to 4 hours in the winter. While light may be the 
primary factor influencing melatonin production, we hypothesized that exercise may also 
affect melatonin production. In the current study, sled dogs were used to study seasonal 
and diurnal variation is melatonin production. Sled dogs by nature are elite athletes and 
therefore exercise was a focus in the study. Both exercise and non exercise dogs from 2 
distinct latitudes were used. The peak in melatonin production was prolonged in high 
latitude dogs (65° N), compared with lower latitude dogs (45° N). Dogs at both latitudes 
show a reduction in peak melatonin levels with exercise, and winter melatonin levels in 
both locations were higher than the summer. Surprisingly, sled dogs in Alaska had lower
* Accepted for publication in Comparative Biochemistry and Physiology: Part A, Dunlap 
KL, Reynolds AJ, Tosini G, Kerr WW, Duffy LK, February 2007
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melatonin levels than sled dogs in New York.
2.2 Introduction
The release o f melatonin mostly at night by the pineal gland in the brain is 
controlled by nerve impulses from the suprachiasmatic nuclei (SCN). Light cues 
detected through photoreceptor cells in the retina inhibit melatonin secretion via the SCN 
and therefore melatonin production is proportional to night length (Lincoln, 2006; 
Rajaratnam et al., 2006), giving melatonin both a diurnal and a seasonal rhythm which 
can vary between populations at differing latitudes (van Oort et al., 2006; Levine et al., 
1994). Canines also exhibit circadian and diurnal fluctuations in melatonin levels 
(Stankov et al., 1994). Average blood levels of melatonin are in the nanomolar range.
The concentration of melatonin can fluctuate by two-fold during seasonal light cycle 
changes (Levine et al., 1994). Older individuals with lower melatonin levels may be 
more susceptible to neurodegeneration caused by oxidative stress (Clapp-Lilly et al.,
2001). The northern location of Fairbanks, Alaska is at 65 °N, and experiences anywhere 
from 21 hours o f daylight in the summer to 4 hours in the winter. This dramatic change 
is expected to affect the body’s internal clock by dictating the amount of melatonin 
produced.
Though melatonin has been shown to respond to changes in light, the exact 
physiological role o f melatonin is uncertain. In many mammals it is well established that 
the timing and duration o f melatonin synthesis is responsible for seasonal patterns in 
breeding, coat shedding, and color changes (Reiter and Robinson, 1995). It was
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previously believed that light variation was solely responsible for these changes, but 
temperature may affect melatonin production too. When Djungarian hamsters were 
exposed to cold temperatures the pineal gland was reported to have a reduced sensitivity 
to light, preventing the inactivation o f N-acetyltransferase, the enzyme that converts 
serotonin to melatonin (Stieglitz et al., 1991). Similar results linking melatonin to 
thermoregulation have been reported in rats, newborn seals, and Siberian hamsters 
(Larkin et al., 2001; Stokkan et al., 1995; Tannenbaum, 1988). Reierth et al. (1999) 
reported nearly undetectable melatonin levels in Svalbard ptarmigan throughout the 
summer months and reduced amplitude and production in midwinter. They attributed 
these findings to a possible adaptation to life in the Arctic. Based on these findings, it 
could be assumed that while light may be the primary factor influencing melatonin 
secretion, some adapted animals have established a defensive mechanism to regulate 
hormonal levels as the seasons change (i.e. seasonal adaptation; Nelson et al, 2002).
The timing and amplitude of melatonin production has been implicated in 
seasonal affective disorder (SAD) (Danilenko et al., 1994; Nelson et al., 2002). Light 
therapy has been shown to alleviate symptoms of depression in the winter (Danilenko et 
al., 1994; Leppamaki et al., 2002). Exercise alone or in combination with light therapy 
has been reported to have a positive impact on seasonal mood slumps (Leppamaki et al.,
2002). Sled dogs raised and housed in Alaska are exposed to the extreme light cycles and 
temperature ranges o f the Arctic. A diurnal pattern was observed in sled dogs living in 
New York and Alaska with exercise being an additional influence on melatonin 
production in the current study. Exercise and adaptation to the environment may have an
12
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effect on melatonin levels in the circumpolar north, and sled dogs have been shown to be 
a unique model for illustrating effects on the endocrine and immune systems (Felsburg, 
2002).
As the circumpolar north becomes more populated, understanding and developing 
models of normal hormonal secretion patterns in the general population takes on 
significance in regard to depression, sleep cycle and altered behavioral patterns. The dog 
has been an important medical research model because canines develop many o f the same 
chronic diseases as humans (Adams et al., 2000; Kearns et al., 1999). For the 
circumpolar north, racing sled dogs are excellent models for studying health effects 
related to exercise and nutrition because they share the same environment, including 
exposure to same climate and light cycles. Additionally, much o f their biochemical and 
endocrine mechanisms are similar to humans (Felsburg, 2002), yet their basal metabolic 
rate and energy expenditure is 3-8 times greater (Hinchcliff et al., 1997). An increased 
knowledge of normal variations in seasonal fluctuations will provide further 
understanding of adaptation to the environmental extremes. Also, exercise research has 
shown many benefits (Kell et al., 2001) and sled dogs have provided a good model 
system for studying exercise related biochemical changes (Dunlap et al., 2006; Reynolds 
et al., 1999).
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2.3 Material and Methods
2.3.1 Animals
Alaskan huskies, Canis lupis familiaris, raised in Fairbanks, Alaska (Latitude, 
65°N) or North Creek, New York (Latitude 45°) were used as test subjects. The 
Institutional Animal Use and Care Committee at the University of Alaska Fairbanks 
approved this study (#03-45). The dogs that were used in this study were typical racing 
sled dogs owned by Arleigh Reynolds or Gerald Mulvey, respectively. Twenty four sled 
dogs in Alaska, designated as the study dogs, were separated into 2 equal groups o f 12, 
balanced for age, sex and ability. Similarly, 19 dogs in NY were separated by the kennel 
owners into 2 groups. The 2 groups were, 7 dogs in control (CON) and 12 exercise (EX) 
dogs. The average age o f the dogs in AK was 3.9 with 55% males. The average age of 
the dogs in NY was 3.6 with 65% males. One dog was eliminated from the NY CON 
group prior to the termination o f the study due to a diagnosis of lymphoma. Housing 
arrangements consisted o f 2.5-m chains on which the dogs were tethered for the duration 
o f the study ( 6  months). Each dog had access to his or her own house, and exposed to 
seasonal light and temperature conditions.
2.3.2 Diet
To insure that the dogs were acclimated to the diets, they were maintained on the 
study diet for 2 months preceding the study. A measured amount of food (approximately 
450 g/day) was fed to each dog. The amount varied slightly throughout the study for each 
dog in order to maintain ideal body condition. Ideal body condition is defined as easily
14
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palpable ribs and vertebral spinal processes, with a slight depression between the wings 
of the ileum (Laflamme, 1997; Reynolds et al., 1999). During the acclimation period, the 
dogs were fed once a day in the morning. During the actual experiment the dogs were fed 
1 2  hours prior to blood collection to insure that the dogs were in a post-absorptive state.
2.3.3 Exercise
All exercising sled dogs were in a training program developed by the kennel 
owner. Although training programs varied depending on the individual kennel, sled dogs 
exercise regimes are similar and focus on events that take place during the winter and 
spring. CON dogs were not involved in any formal exercise program throughout the 
duration o f the study. Typically sled dogs do not compete in events in the summer and 
autumn, and this was the case for both kennels. Informal exercise was administered in 
the summer, including free running and swimming. Training for the winter begins in 
September. All dogs involved were sprint type sled dogs that compete in weekend races 
that vary in distance from 8  to 20 miles per day and average 20 miles per hour. Both 
teams are highly competitive both regionally and nationally.
2.3.4 Blood Sampling
All dogs were bled on the winter and summer solstices. On each of the solstice’s 
blood was drawn at 2:00, 8:00, 10:30 and 17:00. These times were chosen based on 
previously reported variation in melatonin levels (Levine et al., 1994). Blood was drawn 
by venipuncture from the jugular into three 5 ml vacutainer tubes. Serum was obtained
15
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by centrifugation at 2500 x g for 10 min, transferred into freezer vials, flash frozen in 
liquid nitrogen and stored at -70°C until they were analyzed.
2.3.5 Clinical Analysis
All samples were sent to the Morehouse School of Medicine for analysis via 
standard radioimmunoassay. Melatonin was extracted from the serum (50 pL) using 
chloroform and then melatonin levels were measured by radioimmunoassay using a 
commercially available kit (ALPCO Diagnostics, Salem, NH). The sensitivity of the 
assay was 0.2 pg/ml. Intra-Assay variability was 9% and the inter-Assay was 13% (see 
Fukuhara et al., 2005 for more details).
2.3.6 Statistics
Results were determined using repeated measures analysis o f variance (PROC 
MIXED IN SAS). The dogs were nested within region and type o f exercise. There were 
repeated measurements on the same dogs for the 2 seasons and 4 sampling times. Due to 
the double repeated measures, seasons and sampling times, a ‘direct product’ covariance 
structure was used with an unstructured covariance matrix for the season and a compound 
symmetry covariance matrix for the hours sampled.
Statistical significance in inter-seasonal and diurnal variation for canines living in 
both New York (45° N) and Alaska (65° N) was determined with a p < 0.05. The figures 
do not show statistical differences for clarity but selected means are displayed in Table I.
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2.4 Results
Sled dogs living at both lower and higher latitudes displayed peak melatonin 
levels in the winter that were significantly higher than summer values (Figure 2.1, Figure 
2.2, Table 2.1). Figure 2.1 represents the daily and seasonal fluctuations in plasma 
melatonin concentrations of exercising and non-exercising sled dogs living at 65° N. 
Statistical comparisons were made across time, group and season. This is consistent with 
the typical diurnal rhythm of melatonin in mammals. The diurnal pattern in the summer 
at both latitudes was also typical with maximal secretion around 2 : 0 0  followed by a sharp 
decline at 8:00 and depressed levels throughout the daytime hours (Figure 2.1, Figure 2.2, 
Table 2.1). Sled dogs living at the lower latitude in the winter experienced a similar 
diurnal pattern as in the summer. In contrast, the peak in melatonin secretion at higher 
latitude in the winter for both exercise and non-exercise dogs was prolonged (Figure 2.1). 
Serum melatonin levels did not differ significantly between 2:00 and 8:00 in sled dogs in 
Alaska, and these sampling points were significantly higher than those at 10:30 and 
17:00, suggesting extended duration o f melatonin production (Figure 2.1, Table 2.1).
Figure 2.1 compares the mean serum levels between exercising and non­
exercising sled dogs raised in New York. The seasonal summer pattern in melatonin 
production is similar in both lower latitude and higher latitude sled dogs but interestingly, 
overall and seasonal melatonin levels were significantly higher at lower latitude, than at 
higher latitude (Table 2.1). NY winter sled dogs displayed a typical trend in peak 
melatonin levels at 2:00 with a decline observed by 8:00 (Figure 2.1), unlike winter 
Alaskan sled dogs (Figure 2.1, Table 2.1).
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Exercise significantly reduced melatonin levels in both the winter and summer in 
Fairbanks, AK (Figure 2.1). In New York, exercise had a pronounced effect on 
melatonin secretion in the winter but did not have an effect in the summer. Exercise 
appears to reduce winter melatonin levels to values comparable to summer values (Figure 
2.1, Figure 2.2).
2.5 Discussion
At higher latitudes, the seasonal pattern o f light and day length varies between 21 
hours of daylight in the summer and 4 hours in the winter. Outdoor luminosity is also 
reduced because o f the angle of the sun. In mammals, a specialized region o f the brain, 
the suprachiasmatic nucleus, functions as the master pacemaker of circadian and diurnal 
rhythms and regulates melatonin secretion in the pineal gland. In this naturalistic study, 
young, healthy sled dog populations were compared to observe the effect o f latitude and 
light cycle on endogenous melatonin production. The findings o f seasonal fluctuations in 
melatonin, including an extended duration in production in the winter, were similar to an 
earlier study on seasonal secretion patterns in humans (Levine et al., 1994). At higher 
latitudes in the winter, regardless o f exercise, there was no significant difference in 
melatonin levels between 2:00 and 8:00 as compared to both Alaska summer and the 
lower latitude melatonin levels. This suggests that in the winter in the Arctic there is a 
longer duration o f melatonin secretion and/or the peak in melatonin production is shifted 
to the right. Additional sampling is necessary to determine which scenario is likely.
18
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In spite o f the longer duration of secretion, winter melatonin values at higher 
latitude were significantly lower than winter levels at the lower latitude. This supports 
the observation by Stieglitz et al. (1991) that showed that the pineal gland in hamsters 
exposed to cold temperatures had a reduced sensitivity to light, causing the inactivation 
o f N-acetyltransferase. Similar reports connecting thermoregulation to melatonin 
secretions were reported in rats (Tannenbaum et al., 1988), seals (Stokkan et al., 1995), 
and Siberian hamsters (Larken et al., 2001), suggesting mammals living in Arctic and sub 
Arctic climates may have the ability to adapt to colder environments. Sled dogs in 
Fairbanks, AK are frequently exposed to extreme winter temperatures (-20 to -40°C) and 
the reduced melatonin levels observed in Alaska, as compared to their lower latitude 
counterparts, suggests their seasonal adaptation to the severe temperatures o f the Arctic 
and sub Arctic.
The factor showing the most pronounced reductions in plasma melatonin levels in 
the current study was exercise. This observation may be translated to the clinic in that 
the timing and amplitude o f melatonin secretion has been linked with seasonal affective 
disorder (SAD), described as depressive episodes recurring regularly during the winter 
season (Danilenko et al., 1994). A common treatment for symptoms of depression 
associated with SAD is light therapy (Danilenko et al., 1994; Leppamaki et al., 2002), 
and Leppamaki et al. (2002) showed that exercise alone, or in combination with light 
therapy, also alleviates symptoms o f SAD in humans. The feedback mechanism involved 
in melatonin suppression by exercise treatment is still unknown but Leppamaki et al.
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(2004) postulates that physiologically exercise may induce changes in central 
neurotransmitter concentrations.
Our results show a significant decrease in melatonin production in sled dogs with 
exercise decreasing melatonin secretion to levels comparable to summer melatonin 
values. Exercising sled dogs at the lower latitude also experienced a decrease in 
melatonin production, but this affect was not observed in the summer months. This may 
be due to slight variations in exercise protocol, especially in the summer. Sled dog 
competitions start at the earliest in late November and extend through the beginning of 
April. Both kennels trained for weekend events within this time frame, so exercise 
regimes in the winter would be similar, alleviating differences in fitness, but not in the 
summer. Based on our findings, exercise has a prominent effect on melatonin secretion, 
and this suggests that, similar to humans, exercise will have a positive impact on mood 
and performance in sled dogs.
Since melatonin has significant effects on sleep and man’s adapting to the 
circumpolar north (Levine et al., 1994), sled dog studies should enhance our 
understanding of how exercise and diet can impact behavior in climates with extreme 
temperatures and light variations. In the present report, winter sampling was done very 
close to the solstice, insuring minimal exposure to natural light when sampling. To 
develop a complete profile o f melatonin, especially around the winter solstice, diurnal 
sampling would need to be performed at smaller and more frequent intervals. Our data 
suggests a shift in the time o f peak melatonin production in arctic regions, but without a 
definite serum melatonin value between 2 : 0 0  and 8 :0 0 , it is unclear whether the peak lies
20
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between these two points or that the peak in melatonin production is in proportion to the 
night length. Although the functional relevance o f serum melatonin in circulation is 
unclear, melatonin production is thought to impact various body systems, especially the 
immune system (Nelson et al., 2002). These findings should lead to future studies 
focusing on the mechanisms of interaction between systems in seasonally adapted 
mammals.
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Alaska serum melatonin concentrations in exercised or 
nonexercised sled dogs
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Figure 2.1: The diurnal pattern of melatonin in the serum of sled dogs in Fairbanks, AK 
(65 °N). Samples were taken from both exercising and non-exercising sled dogs near the 
winter and summer solstices.
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New York serum melatonin concentrations in exercised 
or nonexercised sled dogs
Sam pling l im e
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Figure 2.2: The diurnal pattern o f melatonin in the serum of sled dogs in North Creek, 
NY (45°N). Samples were taken from both exercising and non-exercising sled dogs near 
the winter and summer solstices.
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Table 2.1: Selected means and SEM in serum melatonin levels of sled dogs across 
latitude, season, group and time. Significance is established with p < 0.05. Significance 
within a row is shown with an asterisks (*). For clarity, since there are many possibilities 
for comparisons, not all significant relationships are shown. Significance across latitude, 
time and group is shown with letter superscripts. Capital letter superscripts are compared 
with the same letter in lower case superscripts and have a significant relationship.
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NY (all) 2.39±0.18* AK (all) 1.26+0.18*
Winter Exercise 1.63±0.20* Winter Non-exercise 2.64±0.24*
Summer Exercise 1.28±0.23 Summer Non-exercise 1.76±0.27
Summer (all) 1.52±0.18* Winter (all) 2.13±0.15*
NY Winter (all) 2.77±0.23* AK Winter (all) 1.50±0.20*
17:00 1.16±0.40a,b 17:00 0.41 ±0.35°
2:00 5.29±0.40a 2:00 2.95±0.35c,a
8:00 2.84±0.40aB 8:00 2.38±0.35c
10:30 1.76±0,40abD 10:30 0.24±0.36c,d
NY Summer (all) 2.01±0.27* AK Summer (all) 1.02±0.23*
17:00 1.72±0.47H,e 17:00 0.30±0.40f,h
2:00 3.28±0.46E,a 2:00 2.72±0.40f
8:00 1.14±0.48be 8:00 0.52±0.40c,f
10:30 1.91±0.47Ge 10:30 0.55±0.40f’9
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Chapter 3 
Cross-latitudinal, seasonal and diurnal comparisons in thyroid hormone 
concentrations in sled dogs*
3.1 Abstract
Objective—  To investigate the effects of light exposure, climate, latitude, exercise, and 
season on serum triiodothyronine (T3 ), free triiodothyronine (FT3), thyroxine (T4 ), free 
thyroxine (FT4) and thyroid stimulating hormone (cTSH) concentrations in sled dogs. 
With this data, establish appropriate reference levels for racing sled dogs and establish a 
better understanding o f environmental impacts on thyroid function.
Design—  Cross-latitudinal naturalistic study.
Animals—  43 sled dogs.
Procedure—  Diurnal serum thyroid hormone concentrations were measured on the 
winter and summer solstices in exercising and non-exercising sled dogs, located in North 
Creek, NY (45°N) and Fairbanks, AK (65°N).
Results—  We observed diurnal variations in serum thyroid hormone levels that depended 
on season, latitude, day length and to a lesser extent exercise. In the winter, non­
exercising sled dogs had higher cTSH levels than exercising dogs, regardless o f latitude. 
TT3 and FT3 were elevated during the winter solstice and this was much more
* Submitted to the Journal o f the American Veterinary Medical Association, Dunlap KL, 
Reynolds AJ, Refsal KR, Kerr WW, Duffy LK, March 2007
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pronounced in Alaskan sled dogs. There was no observed diurnal variation in FT4 and 
TT4 levels in Alaskan sled dogs on the winter solstice when there was only 3.5 hours of 
low light but a definite diurnal variation in these same dogs in the summer when there 
was 2 1  hour of daylight.
Conclusions and Clinical Relevance—  Elevated T3 levels in sled dogs in the winter, 
with a more pronounced difference in Alaska, suggests an effect o f thermoregulation or 
day length on thyroid function. Exercise may have temporarily suppressed thyroid 
function, but this effect did not extend throughout the day. Standardizing sampling time 
would improve comparative studies and advance the field. Our results agree with 
previous reports suggesting a lowered reference range for thyroid hormone 
concentrations in sled dogs.
3.2 Introduction
Thyroid hormone production is regulated by the hypothalamic-pituitary-thyroid 
hormone negative-feedback axis . 1 The main form of thyroid hormone produced by the 
thyroid gland is thyroxine (T4 ). Extrathyroid tissues regulate the deiodization of the 
“prohormone” T4 to the active form of the hormone, triiodothyronine (T3 ). Small 
increases in T4  and T3 suppress the production and secretion of thyroid stimulating 
hormone (cTSH) through alterations in nuclear receptor binding, mRNA transcription 
and protein synthesis. Thyroid hormones in serum are either in a free form or are bound 
to carrier proteins such as thyroid hormone binding globulin (TBG), transthyretin,
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albumin and apolipoproteins. Small concentrations of free hormone are in a dynamic 
equilibrium with thyroid hormone bound to these carrier proteins. Both free and bound 
thyroid hormone reversibly enters interstitial fluid from circulating blood in a tissue 
dependant manner. Free hormone subsequently moves into the cell and either binds to 
cytosol-binding proteins and nuclear receptors, or is metabolized. Previous studies have 
shown that dogs have a higher concentration of free T4  than humans and a lower binding 
affinity between T4  and binding proteins. In addition, dogs, when compared to humans, 
exhibit a wider range o f daily fluctuations in serum T4 . ’
Hypothyroidism is the most common endocrine disorder in dogs, often caused by 
autoimmune destruction or idiopathic atrophy of the thyroid gland. Replacement therapy 
involves oral administration of exogenous L-thyroxine. Despite this relatively easy 
solution to a common problem, the complexity of the thyroid hormone regulation and 
feed back systems can lead to complications. Hypothyroidism affects many organ 
systems making it difficult to diagnose upon initial inspection. Compounding this 
diagnostic ambiguity on non-specific abnormalities is the uncertainty derived from canine 
T4  test results .4  Euthyroid dogs can often have low or borderline T4  levels because of 
normal fluctuations in serum T4 , age, breed variations, other illnesses, or interfering 
medications 4
Documented deviations in human thyroid hormones have resulted from seasonal 
changes, 5 ’6 exercise , 7 diurnal variations3 ,8  and possibly as a consequence o f light. 5 Cold 
environments are known to heighten thyroid activity , 6 but the mechanism is uncertain. 
Fluctuations in thyroid hormone are not limited to seasonal cycles but a diurnal cycle is
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also present. In humans, serum T4  concentrations reach a high between 10:00 AM and 
2:00 PM, and a low around 2:00 AM. A reverse trend is seen for cTSH. In contrast, 
dogs exhibit more random variations in thyroid hormone throughout the day due to
■5
decreased protein binding affinity and half-life differences. Hoh and Oh did not report 
any diurnal variation in T3 but found that Total T4 (TT4) and Free T4  (FT4) peaked 
between 11:00 and 14:00.9 Bruner et al. reported no diurnal variations in cTSH in 
hypothyroid and euthyroid dogs, collected over a 1 2  hour sample period . 10
Sled dogs sampled before and after competing in a long distance race were 
sampled for T3 , T4 , total protein, and albumin concentrations which all decreased 
significantly from pre-race to post-race. Conditioned sled dogs often display below the
7 11normal reference range for thyroid hormones. ’ Other breeds, such as sight hounds, also 
have lower than normal serum thyroid hormone concentrations .2  Based on all the 
variables associated with racing sled dogs and reported thyroid hormone levels, Lee et al. 
suggested lowering the reference ranges for the sled dog . 11 In this study, we address the 
question o f whether or not sled dogs exposed to more extreme daylight and temperature 
are more susceptible to hypothyroidism as judged by hormone levels. We present data 
from a cross-latitudinal study, looking at both exercising and non-exercising sled dogs.
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3.3 Material and Methods
3.3.1 Animals
Alaskan huskies, Canis lupis familiaris, raised in Fairbanks, Alaska (Latitude, 
65°N) or North Creek, New York (Latitude 45°) were used as test subjects. The 
Institutional Animal Use and Care Committee at the University o f Alaska Fairbanks 
approved this study (#03-45). The dogs that were used in this study were privately owned 
typical Alaskan husky sled dogs. Nineteen dogs in NY, designated as the study dogs, 
were separated by the kennel owners into 2 groups, balanced for age, sex and ability. In 
New York there were 7 control (CON) and 12 exercise (EX) dogs. Similarly 24 sled 
dogs in Alaska were separated into 2 equal groups o f 12. One dog was eliminated from 
the NY CON group prior to the termination of the study due to a diagnosis with 
lymphoma. The average age of the dogs in AK was 3.9 with 55% males. The average 
age of the dogs in NY was 3.6 with 65% males. Housing arrangements consisted of 2-m 
chains on which the dogs were tethered for the duration o f the study ( 6  months). Each 
dog had access to his or her own house.
3.3.2 Diet
To insure that the dogs were acclimated to the diet, they were maintained on the 
study diet for 2 months preceding the study. All dogs were fed a measured amount of 
Purina Pro Plan Performance® daily (approximately 450 g). The amount varied slightly 
throughout the study for each dog in order to maintain ideal body condition. Ideal body 
condition is defined as easily palpable ribs and vertebral spinal processes, with a slight
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depression between the wings of the ileum. ’ During the acclimation period, the dogs 
were fed once a day in the morning. During the actual experiment the dogs were fed 12 
hours prior to blood collection to insure that the dogs were in a post-absorptive state.
3.3.3 Exercise
All exercising sled dogs were in a training program developed by the kennel 
owner. Although training programs varied depending on the individual kennel, the 
exercise regimes were similar and focused on events that took place during the winter and 
spring. No exercise was performed at least 12 hours prior to sampling. CON dogs were 
not involved in any formal exercise program throughout the duration of the study.
3.3.4 Blood Sampling
All dogs were bled on the winter and summer solstices. Average ambient 
temperature in New York on the summer sampling date was 18.7°C and -11.3°C in the 
winter. Likewise, average ambient temperature in Alaska on the summer sampling date 
was 23.0°C and -13.6°C in the winter. On each of the solstice’s blood was drawn at 2:00, 
8:00,10:30 and 17:00. At the equinox blood was drawn at 17:00. These times were
• 3 Rchosen based on reported fluxes in thyroid hormones. ’ Blood was drawn by 
venipuncture from the jugular into three 5 ml vacutainer tubes containing no 
anticoagulant. Serum was obtained by centrifugation at 2500 X g for 10 min, transferred 
into freezer vials, flash frozen in liquid nitrogen and stored at -70°C until they were 
analyzed.
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3.3.5 Endocrine Assays
Endocrine assays for this study were performed at the Endocrine Section, 
Diagnostic Center for Population and Animal Health, Michigan State University. 
Commercially available radioimmunoassay kits, validated for use in canine serum, were 
utilized for assay o f total thyroxine (TT4) , 14 free thyroxine by equilibrium dialysis 
(FT4) , 15 and free triiodothyronine (FT3) . 16 Serum concentrations o f total 
triiodothyronine (TT3) were measured using an in-house charcoal-separation
17 18radioimmunoassay, o f which the procedure and validation for dogs were previously 
reported. Thyroid stimulating hormone (cTSH) was measured with a commercially 
available immunoradiometric assay kit, with previously reported performance data for the 
laboratory . 14
3.3.6 Statistics
Data was analyzed using repeated measures analysis o f variance.® The dogs were 
nested within region and type of exercise. There were repeated measurements on the 
same dogs for the 2 seasons and 4 sampling times. Due to the double repeated measures, 
seasons and sampling times, a ‘direct product’ covariance structure was used with an 
unstructured covariance matrix for the season and a compound symmetry covariance 
matrix for the hours sampled.
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3.4 Results
3.4.1 Free T4 (FT4)
Exercising sled dogs did not have significantly different FT4 levels than their 
non-exercising counterparts at either latitude (data not shown). New York serum FT4 
levels were significantly lower in the summer at 17:00 than FT4 levels in Alaska sled 
dogs. In the winter New York sled dogs had significantly lower FT4 levels than Alaska 
dogs at 2:00. There are opposite diurnal trends in the winter (increasing then decreasing) 
verses the summer (decreasing then increasing) in serum FT4 levels in Alaska sled dogs, 
with significant differences at 2:00 (Figure 3.1). In the winter Alaska dogs experience 
peak levels at 2:00, while the low for these dogs in summer is at 2:00. In New York 
dogs, serum FT4 levels differ at 17:00 and 10:30 between the seasons: with the peak at 
10:30 and the low at 17:00 in the summer. Both peak and low levels were significantly 
different from winter values. The diurnal variations in New York dogs also differ with 
season. The diurnal variation in serum FT4 levels in Alaska sled dogs was very gradual 
and showed no significant differences between sampling times (Table 3.1). While for 
New York dogs, serum FT4 levels were significantly lower in the summer at 17:00 than 
all other time periods. At each consecutive sampling time there was a significant 
difference in serum FT4 that was higher than the previous sampling and lower than the 
next, starting from 17:00 and ending at 10:30. In contrast, in the winter, New York dog 
serum FT4 levels were significantly higher at 17:00 than at 2:00 and 10:30, where the 
levels at 8:00 were just slightly lower than at 17:00, but significantly higher than at 2:00 
(Figure 3.1, Table 3.1).
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3.4.2 Free T3 (FT3)
As with FT4, exercise does not appear to affect FT3 levels (data not shown). In 
the summer serum FT3 levels did not significantly differ between Alaskan and New York 
dogs at any sampling time. While in the winter, New York dog serum FT3 levels were 
significantly higher than Alaska levels at 17:00 and 10:30. In addition, serum FT3 values 
peak at opposite times of the day in New York versus Alaska dogs; for Alaska the peak 
values are between 2 : 0 0  and 8 : 0 0  with significantly higher values than the other sampling 
times, where as in New York dogs the peak is between 10:30 and 17:00 with the 
significant low at 8:00. Within Alaska, sled dog summer serum FT3 levels were only 
significantly lower at 8:00 than at the same time in the winter. Again, the low level in the 
summer is at 8:00 while, in the winter, Alaska levels appear to be declining from their 
peak levels for the day at 8:00. The peak FT3 level in Alaska in the summer was at 2:00, 
with significant differences between all other time periods. In New York dogs, winter 
serum FT3 levels were significantly higher than summer levels at 17:00 and 10:30. The 
diurnal trend in the winter in New York appears to be opposite the New York summer 
trend, though there were no significant differences in FT3 between sampling time in the 
summer (Fig 3.2, Table 3.1).
3.4.3 Total T4 (TT4)
Exercise did not significantly affect TT4 levels within season or latitude; 
however, TT4 levels were significantly higher at 17:00 than at 10:30 in exercising sled 
dogs, while the opposite was seen in the non exercise dogs (data not shown). In the
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
summer, Alaskan sled dog’s TT4 levels at 17:00 and 2:00 were significantly higher than 
sled dogs living in New York. Again, the diurnal trends in the summer for the different 
latitudes appear to be inversely related. Whereas 2:00 is the significant peak level for 
serum TT4 levels in Alaska dogs, with an increase beginning at 17:00, the opposite trend 
is seen in New York with significantly higher levels expressed between 8:00 and 10:30. 
With latitude, as well, the diurnal pattern for summer compared to winter also show 
opposite trends. In Alaska there is significant difference at 2:00 in the summer verses 
winter, while in the New York dogs, 8:00 and 10:30 levels in the summer are 
significantly higher than in the winter. Unlike FT4, serum TT4 levels in the winter do 
not differ by latitude, and New York and Alaska even follow the same trend with the 
significant peak observed at 17:00 (Fig 3.3, Table 3.1).
3.4.4 Total T3 (TT3)
Exercise was not a major factor for determining serum TT3 levels (data not 
shown). Levels for TT3 in sled dogs were 1000 times higher than FT3 levels. The 
diurnal pattern in Alaska in the summer shows a low of serum TT3 levels at 8:00; with 
levels significantly lower than 17:00 and 2:00, the apparent peak of the day. In contrast, 
in New York dogs the serum TT3 levels peak between 8:00 and 10:30, with 8:00 levels 
significantly higher than 2:00 values and significantly higher than Alaska 8:00 values. 
Though there were no significant differences in the summer between Alaska and New 
York dogs for serum FT3, there is a similar overall trend with the peak level of the day in 
Alaska also at 2:00. The diurnal pattern in New York in the winter shows a more
38
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
pronounced peak at 8:00 compared to the Alaska summer TT3 pattern. Very little diurnal 
variation exists for serum TT3 levels in Alaska dogs in the winter. Like the summer 
pattern, a slight peak exists at 2:00 with a significantly greater value than 10:30 level. 
Because such little diurnal variation is present, all values for Alaska are significantly 
higher than New York values, except at 8:00. Within latitude, all values for Alaska in the 
winter are significantly higher than all values in the summer. The difference is less 
exaggerated between winter serum TT3 levels in New York and summer than for Alaska, 
but again shows higher levels in winter, with significance at 17:00 and 8:00 (Fig 3.4, 
Table 3.1).
3.4.5 Thyroid stimulating hormone (cTSH)
Seasonality and exercise impacted cTSH production. In the summer, there was 
very little difference between exercise and non-exercise dogs, but in the winter, non­
exercise dogs had significantly higher values, regardless of latitude (data not shown).
The diurnal trend for serum cTSH in the summer for Alaska and New York sled dogs 
followed a similar pattern, with a significant peak at 17:00 (Figure 3.5). Although 
summer levels in Alaska appear to be higher at every sampling period, the only 
significant difference is at 10:30. In the winter New York dogs displayed no significant 
diurnal variation, and Alaskan and New York dogs significantly differed only at 8:00. 
Alaska dogs, on the other hand, displayed a diurnal pattern with a significant difference at 
8:00 and a notable increase in cTSH at 10:30 which persisted throughout all other 
sampling times. The diurnal characteristics observed in Alaska, again, appear to follow
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opposite trends for the summer and winter, with the relative peak at 2 : 0 0  in the winter 
and the relative low peak being the same time in the summer. In New York dogs all 
winter values are significantly higher than summer values except for 17:00 where cTSH 
levels peak (Fig 3.5, Table 3.1).
3.5 Discussion
In all mammals, the thyroid gland is a central regulating gland, which regulates 
overall metabolic rate as well as stimulating cell and tissue growth. Due to the thyroid’s 
role in body temperature regulation there are many studies examining the effects of cold 
temperatures on thyroid hormone levels. While some published reports show an increase 
in T3 in winter months, others show a decrease of T3 and T4 . It is difficult to generalize 
and the field remains unclear because o f seasonal and diurnal factors. Our results support 
a more complicated picture than usually presented, with time o f day being a major 
component in comparing thyroid hormone levels.
Availability o f data on diurnal variation in dogs is limited, especially when 
factoring in variables such as day length. Other reports that the variation in T3 and T4  
levels throughout the day is similar in dogs and humans, with the peak of T3 and T4  levels 
for humans reported between 10:00 and 14:00 6  and peak of T4  levels in dogs between 
11:00 and 14:00.9’10
Interestingly, Alaskan dogs displayed no diurnal variation in serum FT4, and 
show an inverse relationship between the winter and summer (Fig 3.1). Serum FT4 
levels in sled dogs at the lower latitude (New York) displayed apparent diurnal variations
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in both winter and summer. Without having sampling times between 10:30 and 17:00, it 
is difficult to compare our results with previous findings. In the summer in New York, 
sled dog’s FT4 levels peaked at 10:30, close to the time previously reported . 9  However, 
in the winter New York dogs followed a different scenario, with dual peaks occurring at 
17:00 and 8:00 (Fig 3.1). There were similar trends for serum TT4 in New York as 
there was for serum FT4. Interestingly, Alaska dogs had higher FT4 levels in the winter 
than summer, yet higher TT4 in the summer than winter (Fig 3.1, Fig 3.3, Table 3.1). 
Additionally, there was a significant diurnal variation in the summer for Alaska, with the 
peak occurring at 2 : 0 0  in the summer, and a trend for the opposite seen in the winter, yet 
this was not significant (Fig 3.3, Table 3.1). Serum TT4 levels in New York dogs, as 
with FT4 followed a different pattern than Alaska, with the summer peak and the winter 
low at 10:30 and winter peak and summer low 17:00 (Fig 3.1, Fig 3.3, Table 3.1). These 
results clearly illustrate an affect of day length on thyroid function, because in Fairbanks, 
Alaska at 2:00 a.m. on the summer solstice, it is still light, with the sun just rising. In the 
winter in Alaska, when there is only 3.5 hours o f low light, there is no diurnal variation in 
FT4 and TT4 levels. Not only were there differences between New York and Alaska 
dogs, there was also different patterns displayed in the summer versus winter in the 
Alaskan dogs.
While Hoh and Oh did not report on T3 levels in dogs, 9  our results support their 
observation o f a diurnal pattern and indicate varying diurnal trends based on the factors 
o f latitude (light) and season. Our results also differ from the reported pattern in humans, 
which displayed parallel trends for both T3 and T4 . 5 In dogs, we observed separate trends
41
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
for T3 and T4  and sometimes different trends for total verses free hormone levels. In the 
winter, New York and Alaska dogs display completely opposite patterns in FT3, with 
peaks and lulls at opposite times of the day. In the summer in New York dogs, there was 
not a significant diurnal trend yet overall levels in the summer were significantly lower 
than winter levels. Again the same dogs displayed different peaks and troughs depending 
on the season (Fig 3.2, Table 3.1). The opposite trend exists for TT3 and FT3 levels in 
the winter for New York, with 8:00 being the pivotal time for peak or lull. In contrast, 
the trend for TT3 for the summer values in New York resemble that o f FT3 (Fig 3.2, Fig 
3.4). There was very little diurnal variation in TT3 levels in Alaskan sled dogs in either 
winter or summer; the exception being a significant low at 8 : 0 0  in the summer as seen 
with FT3 (Fig 3.4, Table 3.1). However, serum TT3 levels in the winter, again tended to 
be higher than in the summer for all T3 with significantly elevated levels at all time 
periods for Alaska winter, compared to summer (Fig 3.2, Fig 3.4, Table 3.1). The 
elevated T3 levels may indicate an increase in energy expenditure to accommodate 
thermoregulation or may be caused by the change in daylight. As expected, the diurnal 
difference in dogs residing at higher latitude is more pronounced. However, sled dogs 
residing in Alaska do not appear to be more susceptible to hypothyroidism.
Bruner et al observed no diurnal variation in thyroid stimulation hormone 
secretion in euthyroid and hypothyroid dogs . 10 In the current study, serum cTSH levels 
in sled dogs living in New York in the winter also displayed no diurnal variation. 
However, this was the exception. The same dogs in New York in summer displayed 
significant peak cTSH levels at 17:00 and a lull at 2:00 (Fig 3.5, Table 3.1). In many
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cases the trends in cTSH were opposite from T3 and T4 , as would be expected, but not in 
all cases.
Exercise did not appear to be a major influencer in FT3, TT3, or FT4 in this 
study. Total T4 levels, however, were significantly higher at 17:00 than at 10:30 in 
exercising sled dogs, while the opposite was seen in the non-exercise dogs, regardless of 
season or location. Sled dogs are often exercised early in the day to avoid the heat. This 
reverse trend may indicate that exercise suppresses TT4 temporarily. Another indication 
that exercise may suppress thyroid function was the observation of lower TSH levels 
observed in the winter in exercise dogs compared with non-exercise dogs, regardless of 
latitude. Lee et al. and Panciera et al. reported reduced thyroid hormone production 
(TT4, FT4, and cTSH) at the completion of a long distance race that were compared with 
pre-race and off-season values . 1 1 ,1 8 The sled dogs participating in the above study were 
long distance, endurance sled dogs. The current study used sprint-type sled dogs that 
exercise at a higher intensity but for a much shorter duration. Additionally, these sled 
dogs were not sampled following an intense period o f exercise, so the levels are more 
reflective of the basal concentrations in physically fit sled dogs. Any suppression of 
thyroid function or hormone production that occurred as a result o f exercise, in the 
current study, was temporary and did not extend throughout the day.
Research indicates that thyroid function is affected by climate. Reed et al. 
described an increase in TSH, a decrease in total free T3 and no change in total or free T4  
in human, euthyroid males during the first 42 weeks of the subjects’ stay in Antarctica . 19 
They have described this as the polar T3 syndrome. Chengli et al. found similar results
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but a smaller difference in free T3 and a decrease in total T4 . 2 0  Maes et al. reported a
21significant annual cycle in total T3 , with higher values in the winter and fall. We also 
report higher levels T3 in the winter than summer, akin to the results of Maes et al.
Unlike the Antarctica studies, the dogs in this study were already acclimated to their 
environments. We examined Alaskan sled dogs that have been bred and raised in cold 
climates and experiencing similar stresses in order to reduce individual variability. This 
study showed sled dogs experience diurnal variation in thyroid hormones and this 
variation is affected to some extent by season, daylength, temperature, and exercise.
As clearly illustrated by the fluctuating thyroid hormone levels throughout the 
day, across season, and latitudes, diagnosing deficiencies in thyroid hormone production 
is not an easy task. Lee et al suggested that reference range for sled dogs may be lower 
than for other breeds . 11 The current reference range for thyroid hormones in dogs 
analyzed by the Animal Health Diagnostic Laboratory Endocrine Diagnostic Section at 
Michigan State University is 15-67 nmol/L for TT4, 6-42 pmol/L for FT4, 1-2.5 nmol/L 
for TT3, 4.5-12 pmol/L for FT3, and 0-37 mU/L for cTSH. The values reported in the 
present study agree strongly with the reference range suggested by Lee et al. 11 Our 
suggested reference ranges based on our means, medians and standard deviations are as 
follows: 7-31 nmol/L for TT4, 5-18 pmol/L for FT4, 0.8-1 . 6  nmol/L for TT3, 2.0-6.5 
pmol/L for FT3, 5-17 mU/L for cTSH.
Lastly for diagnostic and research purposes we suggest that a fixed time o f day for 
sampling be agreed upon by the veterinary community. Dogs are an excellent model for
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exercise research related to endocrinology and nutrition, and standardizing sampling time 
would improve comparative studies and advance the field.
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3.7 Footnotes
aPROC MIXED IN SAS, SAS Institute Inc., Cary, NC.
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Figure 3.1: Serum free T4  (FT4) in sled dogs living in New York or Alaska collected on 
the winter and summer solstice.
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Figure 3.2: Serum free T3 (TT3) in sled dogs living in New York or Alaska collected on 
the winter and summer solstice.
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Figure 3.3: Serum Total T4  (TT4) in sled dogs living in New York or Alaska collected on 
the winter and summer solstice.
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Figure 3.4: Serum total T3 (TT3) in sled dogs living in New York or Alaska collected on 
the winter and summer solstice.
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Figure 3.5: Serum thyroid stimulating hormone (cTSH) in sled dogs living in New York 
or Alaska collected on the winter and summer solstice.
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Table 3.1: Mean and SEM of thyroid hormones in sled dogs located in Alaska or New 
York. Values represent the diurnal variation on the winter and summer solstice. 
Significance is established with p < 0.05 and significance is shown with letter 
superscripts. Capital letter superscripts refer to the values in which the lower case
superscripts are compared.
Serum free T4
NY winter meanisem NYsummer meanisem AK winter meanisem AK summer meanisem
17:00 12.5±1.3C,G 17:00 7.71i0.9a,cE 17:00 12.7il.O 17:00 11.2±1.1a
2:00
8:00
10:30
7.17±l.lb's,h
11.5±1.7h
9.02±1.8d,g
2:00
8:00
10:30
10.3il.4b,e'f
13.4il.4e
15.1il.4DeF
2:00
8:00
10:30
14.0il.0B
13.3i0.9
12.1il.6
2:00
8:00
10:30
10.7i0.8
10.7i0.7
12.2il.O
Serum free T3
NY winter meanisem NY summer meanisem AK winter meanisem AK summer meanisem
17:00 5.16i0.3A,D,k 17:00 3.93i0.3d 17:00 3.95i0.3a,H 17:00 3.93i0.3e
2:00
8:00
10:30
4.73±0.2k
4.18±0.3k’1
5.01±0.4b,l
2:00
8:00
10:30
4.4210.2
3.5610.2
3.7810.2
2:00
8:00
10:30
4.61±0.3W
4.38i0.3cw
3.61i0.3WJ
2:00
8:00
10:30
4.43i0.4EFG
3.56i0.3c,f
3.78i0.3g
Serum total T4
NY winter meanisem NY summer meanisem AK winter meanisem AK summer meanisem
17:00 19.3±1.4h 17:00 14.7i2.1a'F 17:00 21.5i2.0E 17:00 22.8il.6A
2:00
8:00
10:30
13.9±1.4h
15.9±1.6C
14.7il.0dh
2:00
8:00
10:30
18.2i2.4btG
23.7i2.2c,f,8d
24.8il.7D,f's
2:00
8:00
10:30
18.5i2.0b,e
20.8i2.0
18.7i2.0c
2:00
8:00
10:30
25.7il.6B'a
19.3il.6a,b
20.5il.9b
Serum total T3
NY winter mean±sem NY summer meanisem AK winter meanisem AK summer meanisem
17:00 1.16i0.09BI 17:00 0.97i0.07 17:00 1.37i0.07b 17:00 0.97i0.06e
2:00
8:00
10:30
0.99i0.06ciJ
1.35i0.07u
1.09i0.06DJ
2:00
8:00
10:30
0.93i0.08h
1.04^ .06^
1.02i0.06
2:00
8:00
10:30
1.41i0.05cG
1.38i0.07
1.30i0.07ds
2:00
8:00
10:30
1.04i0.03e,F
0.86i0.05aE
0.89i0.05f
Serum thyroid stimulation hormone
NY winter meanisem
17:00 NY summer meanisem AK winter meanisem AK summer meanisem
2:00 13.8il.3 17:00 10.4i0.4H 17:00 11.9i0.7s 17:00 13.5il.8F
8:00
10:30
12.6il.7D
13.8il.4B
12.7i2.1e
2:00
8:00
10:30
5.89il.3dh
7.93il.4b
6.41il.3a'E,h
2:00
8:00
10:30
12.5i0.8Cg
9.42i0.5b,G
11.8i0.86
2:00
8:00
10:30
9.39i0.6cf
10.9i0.8f
lO.SiO.O^
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Hair analysis in sled dogs (Canis lupus familiaris) illustrates a linkage of mercury 
exposure along the Yukon River with human subsistence food systems*
4.1 Abstract
Because the dog has been an important biomedical research model and hair 
samples from sled dogs could be used as a biomarker o f exposure to metals. In this 
study, hair samples are used as a non-invasive indicator of mercury exposure in sled dogs 
fed commercial food and traditional village diets. Sled dog populations living in rural 
New York and Alaska were collected in 2005 and 2006. Total mercury (THg) content 
was determined on the entire hair sample in sled dogs from New York and a reference 
site, Salcha, Alaska. Both sites fed a commercial feed for high performance dogs. Mean 
THg levels in New York sled dogs were 36.6 ng/g and Alaskan sled dogs, occasionally 
supplemented with fish oil, showed THg mean o f 58.2 ng/g. These THg levels are below 
levels that are suggested to cause adverse effects and should be considered baseline 
levels. Yukon river sled dogs had higher THg, ranging from 139 tol5,800 ng/g and 
showed decreasing mean levels from the delta area to upriver. There were significant 
differences between THg in the dogs from Russian Mission (10908.3±3028 ng/g), the 
farthest west village, and Ft. Yukon (1822.4±1747 ng/g), the farthest east village.
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Climate change, in combination with socioeconomic change and natural resource 
development across the circumpolar north has the potential to impact the dietary 
consumption o f human subsistence harvesters. This cumulative stress on ecosystem and 
cultural services is creating a compelling need for the development o f bioindicators for 
monitoring environmental change (Hoekstra et al., 2003; Sobanska et al., 2005; Dehn et 
al., 2006). The presence of mercury in northern food chains, especially in traditional 
foods, has been a concern o f health scientists because of its toxicity and bioaccumulation 
potential (Duffy et al., 2005; Jewett et al., 2003; Braune et al., 1999).
Hair from various mammals has been used as a convenient biomarker o f mercury 
(Hg) pollution, including caribou (Duffy et al, 2005), wild boar (Sobanska, 2005), sea 
lions (Beckmen et al., 2002), seals (Sun et al., 2006), river otter (Ben-David et al., 2001), 
opossum (Burger et al., 1994), muskrats (Stevens et al., 1997) and dogs (Hansen and 
Danscher, 1995). Since mammals share many physiological and biochemical 
characteristics with humans, Hg could impact the same mechanisms that influence human 
health. The dog has long been an important research model and is considered an 
omnivore when associated with humans. Dogs share the social and biophysical 
environment with humans and develop many of the same diseases, especially 
immunological syndromes (Dunlap, 2006; Felsburg, 2002), and thus are an ideal animal 
model for environmental impacts on northern people. In several villages in the North, 
sled dogs are predominately fed the same type o f food as is consumed by humans,
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including salmon, white fish, caribou, moose, sea mammals, and bear (Andersen, 1992; 
Hansen and Danscher, 1995).
The objectives o f this study are: 1) to investigate the utility o f sled dog (Canis 
lupus familiaris) hair as a non-invasive indicator o f mercury; and 2 ) survey the transfer of 
Hg from fish to a mammal population, more specifically sled dogs, along the Yukon 
River. This research tested the hypothesis that sled dogs fed commercial dog chow 
would have lower levels o f mercury in their hair then sled dogs fed a more human like 
diet that included fish.
4.3 Materials and Methods
4.3.1 Hair Samples
Sled dog (Canis lupus familiaris) hair was collected in Alaska and New York 
(2005-2006). About 0.2 grams of front dorsal hair (lower neck) was cut near to the skin 
(proximal) by means of stainless-steel surgical scissors. Hair samples were washed and 
homogenized before analysis. The gender and age o f the sled dogs were also recorded.
Samples were obtained from several Alaska sites and one New York site: 16 
individuals from New York (45°N) and 20 individuals from Salcha, Alaska (65°N); both 
sample populations were fed Purina Pro-Plan, and were sampled in the summer o f 2005 
as reference kennels. Twelve Yukon River dogs were sampled in the summer of 2006 
from each village: Russian Mission (62°N), Galena (64°N), Rampart (65°N), Fort Yukon 
(6 6 °N), and again from Salcha, Alaska. The Yukon River dogs were maintained on a 
subsistence diet that consisted primarily o f seasonal salmon for at least two months prior
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to collection. A two month diet-recall with kennel owners was performed at every 
village. All kennel owners listed salmon as the primary food source and photo 
documentation of feed barrels and salmon drying racks was performed. Supplemented 
foods that were given to the dogs at some time in the past 2  months included black bear, 
pike, moose, chicken and commercial food, in agreement with the more extensive survey 
of Andersen (1992).
4.3.2 Sample Preparation and QC Method
Hair samples were washed prior to digestion. A benzene wash was performed 
using 5 consecutive 10 mL rinses o f benzene. For the first two rinses, the samples were 
shaken every 10 minutes for an hour. The final three benzene rinses were performed by 
shaking the sample for one minute in 10 mL of benzene followed by the removal o f the 
benzene with a pipette. After the washing was complete, the hair was dried overnight in 
an oven at ~65°C and then homogenized.
Total mercury (THg) concentration in the hair samples were measured at Frontier 
Geosciences (Seattle, WA) using the cold vapor atomic fluorescence spectrometry 
(CVAF) method (Duffy et al., 2005). The results are reported on a wet weight (w/wt) 
basis as ng/g (ppb). All analysis have been run with respect to a thorough quality control 
program using reference material (DOLT3-dog fish liver tissue) as well as spiked 
samples. The percent recovery of DOLT3 was 102%. For quality control, two samples 
were spiked and the percent matrix spike recovery average was 84% (82% and 8 6 %).
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4.3.3 Sample Digestion
For total mercury in tissue, approximately 0.1-0.2 g o f each dog hair sample was 
digested with 10 mL of hot refluxing 70% HNO3 : 30% H2 SO4  for approximately two 
hours. The digests were then diluted to a final volume o f 40 mL with a solution o f 10% 
(v/v) 0.2 N  BrCl. Following complete digestion on a hotplate, the samples were diluted 
up to 40 mL with methanol (neat). From each KOH methanol digest, an aliquot of 0.5 
mL was removed and aliquoted into a 60 mL Teflon distilling vial containing 45 mL of 
DDI water.
4.3.4 Total Hg Analysis
Aliquots o f each digest were reduced in pre-purged double-distilled water to Hg° 
with SnCl2 , and then the Hg° purged onto gold traps as a preconcentration step. The Hg 
contained on the gold traps was then analyzed by thermal desorption into a cold vapor 
atomic fluorescence detector (CVAF) using the dual amalgamation technique.
4.3.5 Statistical Analysis
One way ANOVA was performed to compare the THg between the New York 
group and the Alaska group. Significance was established with a P value less than 0.05. 
In the Alaska 2005 reference group, two outlying data points were removed from the 
analysis because they were more than four times the mean (Gamberg and Braune, 1999). 
Samples from the Alaskan 2006 reference site and the Yukon River villages were 
analyzed using SAS statistical software. Analysis of variance was used to analyze all the
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data to evaluate the effects o f sampling location on THg concentrations in hair. One 
sample was removed from analysis from the Salcha group because the sample was more 
than four times the mean (Gamberg and Braune, 1999). Significant differences between 
sampling sites was determined using Tukey’s Studentized range test. Differences were 
considered significant at P < 0.05.
4.4 Results
The THg levels o f the sled dogs fed commercial diets in 2005 are reported in 
Table 4.1. The mean concentration o f 36.6 ng/g ±13.6 for the New York sled dogs was 
lower than the THg mean concentration for the Salcha, Alaska sled dogs which was 58.2 
ng/g. The range for the Salcha sled dogs was 45.2-80.4 ng/g and the range for the New 
York sled dogs was 20.0-59.5 ng/g. Comparisons o f these two commercial fed groups 
show that the Salcha group had more females (40% vs. 25%). While the Salcha group 
had a wider range o f ages, both groups had similar mean ages (3.6±2.7 years vs. 3.9±3.9 
years). There was no correlation o f age with THg concentration.
The THg levels in Yukon River sled dogs (Table 4.2) progressively decreased as 
samples were collected upriver from the river delta (Fig 4.1). The reference dogs in 
Salcha had significantly lower THg levels compared to all sampling sites, with the 
exception o f Ft. Yukon (Table 4.3, Fig 4.1). Russian Mission sled dogs had significantly 
higher THg concentration than all other sampling sites. For intermediate sites, significant 
differences were found between Galena and Ft. Yukon (Table 4.3).
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Average mercury concentrations shown in Table 4.1 for these sled dogs falls 
within the range for domestic dogs (Eisler, 2006). No data points from any dog 
approached concentrations indicative o f potential toxic effects (30,000 ng/g; Thompson, 
1996). Smith and Armstrong (1975) reported that Innuit sled dogs, subsisting largely on 
seal meat, contained levels of Hg in liver, up to 11,500 ng/g, without apparent harm.
Smaller mammals such as mink, cats, dogs, and river otters appear to be more 
resistant to Hg than are larger mammals (Eisler, 2006). Eisler (2006) suggests that these 
differences are related to metabolism and possible Hg detoxification rates. For mammals, 
the main concern is about Hg exposure levels during the early stages o f pregnancy—  the 
first trimester in humans. Khera (1979) reported that domestic dogs exposed to 0.1 
mg/kg to 0.25 mg/kg of body weight during their entire pregnancy showed a higher 
incidence of stillbirths. The mean values o f THg for the Yukon River villages exceed the 
no effects hazard concentrations for river otters (660 ng/g) and both mean levels for 
Russian Mission and Galena exceed the low effects hazard concentration (3290 ng/g) 
(Hinck et al., 2006). Since sled dogs are usually larger than river otters, the current risk 
to the sled dogs through the consumption o f fish is minimal although biomarkers of 
cardiovascular and immune functions remain to be examined.
Published data on mercury in dog hair (or Canis lupus, in general) is sparse 
(Hoekstra et al., 2003; Gamberg and Braune, 1999; Hansen and Dansher, 1995). In a 
study on sled dogs, Hansen and Dansher (1995) reported mercury levels in the hair o f 10 
dogs fed meat from marine mammals. The hair concentration ranged from 4,105 to
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34,743 ng/g, which is twice as high as our observed values in Russian Mission (Table 
4.2). Hair THg levels were also higher than concentrations in liver and kidney in their 
younger dogs. Based on Hansen and Dansher (1995) the tissue distribution of THg levels 
in dogs exposed to high levels of THg are: hair: muscles (1:0.05); hair: liver (1:0.13); 
hair: kidney (1:0.25). Our results support Hansen’s study in that we observed significant 
difference between the fish fed dogs and commercially fed dogs from both New York 
and Salcha, Alaska (ANOVA, p<.001). The hair THg concentration in the village dogs 
ranged from 139 tol5,800 ng/g.
Hansen and Danscher (1995) found a biphasic relationship between THg hair 
concentration and age. We found no relationship with age. Hg enters the food chain in 
the north as input from both regional geology and atmospheric transport (Nriagu, 1989; 
Peterson et al., 2007). Hg is generally found at greater concentrations in higher trophic 
level marine biota relative to terrestrial mammals due to the biomagnification o f organic 
mercury forms and a longer food chain (Eisler, 2006). While interspecies comparisons of 
THg are difficult because of feeding selection and behavior, our data may serve as 
reference for closely related terrestrial species such as wolves, fox and wolverines in 
Alaska.
Sled dog hair from Russian Mission, about 260 km from Norton Sound on the 
Bering Sea, had the highest mean level of THg in their hair (10,908 ng/g) and Fort 
Yukon, some 1300 km up river from the delta, had the lowest (1,822 ng/g) THg 
concentrations (Table 4.2). Galena (4,528 ng/g) and Rampart (2,446 ng/g) were 
intermediate. In particular, the THg levels in Russian Mission were among the highest
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reported from hair in Alaska, similar to those reported in hair for Stellar sea lions 
(Beckmen et al., 2002), fur seals (Beckmen et al., 2002), and river otters (Ben-David et 
al., 2001). Note that the concentrations and patterns in Salcha, the reference site, are 10­
fold lower than the sled dogs with the coastal subsistence diet. Mercury concentrations in 
fish can be highly variable in subarctic waters (Zhang et al., 2001; Jewett et al., 2003) and 
can differ with ecosystem structure (Ben-David, et al. 2001), wetland areas (Hinck et al., 
2006) and forest fire frequency (Taylor, 2007). The presence o f large salmon runs is 
related to the diet o f the dogs (and humans) along the Yukon and needs to be monitored 
as system dynamics change; there are several important drivers o f this process, including 
the marine-nutrient pump (Krummel et al., 2003).
The amount of THg transported by fish to sled dogs appears greater at the river 
delta. The spawning salmon act as contaminant pumps by transporting Hg inland (Zhang 
et al., 2001). Sampling was done August through September when salmon are plentiful 
and abundant in diets fed to the dogs. Hair samples in sled dogs however, are 
representative o f the past year o f mercury accumulation, when dogs are fed dried fish, 
caribou and other supplements. Decreasing THg concentrations upstream from the river 
delta may be due to salmon availability for the rest of the year as well as other 
supplemented subsistence foods. All participating mushers fed salmon when available 
and supplemented the diet when supply was limited and when race season began. The 
number of salmon, both available and harvested, is greater in number and variation the 
closer you are in proximity to the mouth of the Bering Sea. A second possibility for the 
decreasing trend as you travel up stream from the delta may be a consequence of
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contaminant elimination. During migration, salmon stop eating and rely on protein and 
lipids stores. As these stores are mobilized for energy use, Hg bound to protein and lipids 
may also be mobilized and eliminated from the animal. More research is needed to 
understand the flow o f THg from fish to ecoreceptors, including subsistence users.
As climate change impacts global marine systems and wildfire regimes, the 
release of Hg and other toxic trace elements may increase (Patz, 2005). Continued 
monitoring of contaminant concentrations is needed to document trends in exposure to 
subsistence users. This type of study was initiated years ago, when Elders from the 
Yukon-Kuskokwim drainages wondered if metals such as Hg posed a health threat. They 
knew Hg could accumulate in fish and be transferred up the food chain. They also knew 
that Hg has always been present in the environment (Gerlach et al., 2006) but wondered 
how the increased development such as mining and subsequent erosion o f geological 
deposits would affect their food, and thus the health o f future generations. Unfortunately 
we still cannot fully answer that question.
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Total mercury in village sled dogs
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Figure 4.1: Total mercury concentrations in hair in village sled dogs subsisting on local 
salmon along the Yukon River and mercury concentrations from a reference kennel in 
Salcha, Alaska. Asterisks (*) indicate villages that have significantly greater THg than 
the reference kennel. On the inset map, (A) is Russian Mission, (B) is Galena, (C) is 
Rampart, (D) is Fort Yukon and (E) is Salcha, where the reference kennel is located. 
Comparisons made between all sampling locations are shown in Table 3.
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Tabic 4.1: Total mercury concentrations (ng/g) in hair samples in New York and 
Alaskan sled dogs maintained on commercial feed (Purina Pro Plan Performance®).
Dog Alaska New York
1 51.4 2 0 . 2
2 53.9 22.4
3 57.8 45.0
4 63.8 2 0 . 0
5 60.3 20.3
6 65.5 28.1
7 58.9 35.6
8 65.4 59.3
9 6 8 . 6 23.0
1 0 60.7 46.5
1 1 55.0 38.5
1 2 53.4 52.2
13 45.2 36.1
14 44.2 40.6
15 66.3 59.5
16 45.2 38.5
17 52.0
18 80.4
Mean* 58.2+9.3 36.6+13.5
were significantly ligher than
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Table 4.2: Total mercury concentrations (ng/g) in hair samples in subsistence fed sled 
dogs in 4 different villages along the Yukon River (Russian Mission, Galena, Rampart, 
Fort Yukon) and a reference site (Salcha), maintained on a commercial feed (Purina Pro 
Plan Performance®).
Dog R. Mission Galena Rampart Ft. Yukon Salcha
1 1 2 2 0 0 4100 6010 2510 125
2 1 2 1 0 0 3740 3250 269 63.1
3 13700 4630 1680 3780 85.6
4 7830 5310 1 0 0 0 139 79.9
5 8880 5450 2190 2720 78.4
6 12500 5330 4260 3980 NU
7 15800 4350 491 145 78.9
8 12900 3930 4720 1800 1 0 2
9 10600 6410 1350 587 1 0 1
1 0 4420 ND 1170 521 115
1 1 1 1 0 0 0 2 1 2 0 2170 5050 75.7
1 2 8970 4440 1070 368 97.1
Mean 10908.3±3028 4528.2±1125 2446.8±1737 1822.4±1747 91.1±18.6
ND sample from Galena was not detected and NU in Salcha was omitted because it was 
more than 4 times the mean.
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Table 4.3: Matrix table showing significant relationships between village dogs along the 
Yukon River (Russian Mission, Galena, Rampart, Fort Yukon) and the reference kennel 
in Salcha.
R. Mission Galena Rampart Ft. Yukon Salcha
R. Mission --- S S S S
Galena S --- NS s S
Rampart S NS --- NS s
Ft. Yukon s S NS --- NS
Salcha s s S NS ---
Significant interactions are indicated with an (S), while non-significant interactions are 
indicated with an (NS).
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Yukon River sled dogs illustrate a linkage between ecosystem, mercury, and human 
subsistence systems*
5.1 Abstract
Before western diets, circumpolar people had a low incidence o f obesity, diabetes, 
and cardiovascular disease. In contrast to risks associated with a high fat, high protein 
diet, health benefits are attributable to a subsistence diet that is rich in omega-3 fatty 
acids and antioxidants. While subsistence diets have been shown to provide substantial 
health benefits, there are also risks associated with them as a result of industrialization 
and the widespread distribution of chemicals in the environment. Native people and their 
sled dogs are exposed to a variety o f contaminants that accumulate in the fish and game 
that they consume. The sled dogs in these villages are maintained on the same 
subsistence foods, primarily salmon, and therefore they can be used as models for 
researching the effects that a subsistence diet might have on immune parameters. Several 
biomarkers of health status—  acute phase proteins, antioxidant status, and eicosanoid 
production—  were measured in village sled dogs along the Yukon
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River as markers o f immune function and inflammation. A reference kennel, maintained 
on a nutritionally balanced commercial diet, was also measured for comparison. The 
health indicators such as antioxidant status were inversely correlated with mercury 
exposure.
5.2 Introduction
Rural Alaska communities typically live a subsistence lifestyle to survive and to 
uphold traditional, cultural, and spiritual values. Pollution from other regions of this 
modem world has found its way to these northern communities by wind, water or wildlife 
and many believe that these pollutants have tainted their food sources (1-3). Despite 
these contaminants, traditional foods such as rich colored berries, native plants, wild 
game and salmon, compounded with the physical endurance needed to live such a 
lifestyle, provide many health benefits (2,3). But to what extend do these nutrient rich 
foods and physical endurance combat the hidden ‘risks’ associated with environmental 
toxins in their food sources?
Sled dog mushing, once used only as a means o f transportation, has evolved into a 
modem sport. Though Alaska is known for sled dog racing, this sport spans the country 
and across continents. In fact, the earliest organized sled dog race was held in Laconia 
New Hampshire, and today there are sled dog clubs in remote locations such as Africa 
and Australia. Such diversity of climate and diet provide an ideal opportunity to 
undertake nutrition, exercise, physiology and toxicology research. Sled dogs are unique 
research models because they can be found all over the world in relatively large numbers
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of genetically similar animals, that are exercised and housed in similar conditions. 
Because of this, diet, the effects of exercise, disease, and environment, can be observed 
on the cardiovascular and immune systems. Dogs, in general, have become a popular 
model for aging, immune function, toxicology and cognitive disorders (4-8). Dogs have 
shown to have key features associated with cognitive dysfunctions, beta-amyloid 
pathology, and oxidative damage similar to that o f humans (7).
Sled dogs in northern climates are often exposed to the same environmental 
hazards as are their human counterparts (9,10). In many Alaskan villages sled dogs are 
still a fundamental part o f a traditional lifestyle, used for trapping, packing and 
transportation, although far less used than snow machines for winter travel today. Most 
o f these villages are small settlements, established on or near rivers to facilitate travel and 
to gather their food supply. The diet of both the natives and their sled dogs in Alaska is 
often comprised of a variety o f wild game, fish and marine mammals. In addition to 
being a fundamental component o f the native diet, salmon is the primary food source for 
sled dogs throughout the year ( 1 1 ).
Before western diets, circumpolar people had a low incidence o f obesity, diabetes, 
cancer and cardiovascular disease (2,12-15). Contrary to the risks associated with a high 
fat, high protein diet, health benefits can also be attributed to a diet rich in omega-3 fatty 
acids and antioxidants, offered from indigenous foods (2,16-18). Diets high in 
antioxidant-rich foods are associated with reduced risk o f cardiovascular diseases, 
cancers, and Alzheimer’s disease (19,20). A group of Greenlandic Eskimos that existed 
on a diet made up primarily o f fish and sea mammals, high in omega-3 fatty acids
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displayed a remarkably low prevalence o f cardiovascular disease (13). The researchers 
attributed these findings to the active antithrombotic activity of omega-3 fatty acids 
(12,13).
Fish and sea mammals are a rich source o f omega-3 fatty acids, namely 
eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3)
(17,21). Several studies have shown that diets high in EPA and DHA display a marked 
increase in the incorporation of EPA and DHA into the membranes of cells involved in 
inflammation (21,22). Arachidonic acid (AA; 20:4n-6) in the cell wall is cleaved by 
phopholipase A2  to form eicosanoids, which are modulators of inflammation and 
immunity. Eicosanoids include prostaglandins (PG), thromboxanes (TX), leukotrienes 
(LT), lipoxins, hydroperoxy-eicosatetraenoic acids and hydroxyeicosatetraenoic acids 
(HETEs). PG and TX are produced by cyclooxygenases enzymes (COX 1 and COX 2) 
and LT related compounds are produced by lipoxygenase enzymes (LOX) (22,23). EPA 
and DHA compete with AA for incorporation into cell membranes (23). Omega-3 and 
omega- 6  fatty acids share the same enzymes for the synthesis o f LTs and PGs (24), but 
EPA and DHA act as antagonists to AA by forming less active eicosanoid products.
As substrates for eicosanoid synthesis, EPA and DHA are metabolized to lipid 
peroxides (21). Omega-3 fatty acids have been shown to increase the production of 
malonaldehyde, a marker of oxidative damage (25), and therefore, it may be expected 
that omega-3 fatty acids would have a pro-inflammatory effect (21). In addition, dietary 
fish oil leads to a decrease in PG synthesis (25). Studies have shown that 
supplementation with omega-3 fatty acids or fish oil has an immunosuppressant effect.
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Though results are varied, most studies have shown that diets high in omega-3 fatty acids 
cause a decrease in markers of inflammation (21,25,26). The mechanism for the 
immunosuppressant effect of omega-3 fatty acids is unclear and appears more complex 
than simply acting as a PG antagonist.
PGs are not the sole mediators produced from AA. LTs are also a product of AA 
metabolism and if omega-3 fatty acids act as antagonist to the production o f specific LTs, 
then it would be expected that there would be decreases in inflammatory markers (2 2 ). 
The metabolites of EPA are less inflammatory and chemotactic than that o f AA. Omega- 
3 supplementation has shown to decreases LTB4  production in humans (24), hamsters 
(27) and rats (28).
In order to quantify potential and/or observed deleterious health affects in sled 
dogs maintained on a subsistence diet, it is necessary to have reliable biomarkers for 
immune and cardiovascular function. In addition to LTB4 , C-reactive protein (CRP), an 
acute phase protein stimulated by the pro-inflammatory cytokine, 11-6 (29), and 
antioxidant status are useful biomarkers to survey health status (19,20). Since there is an 
increasing concern with the possible health implications surrounding subsistence food 
and contaminants in the ecosystem, the need to assess the effects o f a subsistence diet on 
the user’s health in relationship to global contaminants such as mercury has been stressed 
by elders (3,30). The Yukon River system is ideal for such a naturalistic survey because 
it traverse the state and provides a diversity of native cultures (Fig. 1).
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5.3 Results
Sled dogs living in Galena, Alaska had significantly higher LTB4  levels than all 
other villages, including the reference kennel (Table 5.1). LTB4 levels between all other 
villages did not differ (Fig. 5.2, Table 5.1). Sled dogs living near Rampart, Alaska had 
the highest mean C-reactive protein (CRP) concentrations that were significantly higher 
than Galena, Fort Yukon, and Salcha, but not significantly higher than Russian Mission 
(Fig. 5.2, Table 5.1).
Total Antioxidant Power (TAP) in village sled dogs did not differ significantly 
between locations. However, sled dogs from Salcha, maintained on commercial food, 
had significantly higher TAP then all villages (Fig. 5.2, Table 5.1).
The THg levels in Yukon River sled dogs progressively decreased as samples 
were collected upriver from the river delta. The reference dogs in Salcha had 
significantly lower THg levels compared to all sampling sites, with the exception of Fort 
Yukon. Russian Mission sled dogs had significantly higher THg concentration than all 
other sampling sites. For intermediate sites, significant differences were found between 
Galena and Ft. Yukon (Fig. 5.2, Table 5.1). In addition, plasma TAP negatively 
correlated (P = 0.026) with THg concentrations in the hair of sled dogs (Fig. 5.2).
5.4 Discussion
Published data on mercury in dog hair (or Canis lupus, in general) is sparse 
(9,31,32). In a study on sled dogs, Hansen and Dansher (9) reported mercury levels in 
the hair of 10 dogs fed meat from marine mammals. The hair concentration ranged from
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4.105 x 10 to 34.743 x 10 ng/g, which is twice as high as our observed values in our 
Russian Mission samples. The hair THg concentration in the village dogs ranged from
0.139 x 103 to l5 .800x  103 ng/g (10).
The current risk at these levels to both humans and their sled dogs through the 
consumption o f fish is not clearly understood, but biomarkers of immune status and 
inflammation may reveal potential hazards o f mercury exposure. Some potential risks 
associated with human health include cardiovascular disease, impaired immune function, 
and decreased neural and motor development in children (1,3). We measured three 
parameters associated with immune function and inflammation in village sled dogs that 
were exposed to mercury through subsistence food: LTB4 , CRP and TAP.
Neither the leukotriene, LTB4 , nor the acute phase protein, CRP correlate with 
mercury exposure in the current study. Elevated levels o f both these parameters are 
associated with inflammation. Diets high in omega-3 fatty acids, as is with subsistence 
diets, have shown a reduction in inflammatory markers (2,24). Most village sled dogs 
did not have significantly higher inflammatory markers from the reference kennel, 
suggesting that compounds in subsistence foods are as beneficial as the scientifically 
derived diet with added antioxidants. However, Galena sled dogs had significantly 
higher LTB4  than all villages except Rampart, including the reference kennel. The 2 fold 
increase in plasma LTB4 may indicate that these dogs were stressed by local conditions 
compared to other village dogs.
Likewise, CRP was significantly higher in Rampart than all villages except 
Russian Mission, including the reference kennel. The most stressed sled dogs, as
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determined by inflammatory markers, were located in the intermediate sites between the 
river delta and farthest east village of Fort Yukon. This could be a result o f individual 
animal husbandry, but may also be due to food composition. Unlike the mercury 
analysis, the blood parameters measured are indicative o f the animal’s current health 
status.
Migrating salmon are in a starved state and must use their body reserves to arrive 
at their destination. Though salmon closest to the river delta may have the highest THg 
concentrations, they are also relatively strong and healthy, just beginning their travels. 
Additionally, their nutrient composition, including their polyunsaturated fatty acid profile 
may be at an optimum. As they migrate their lipid reserves are mobilized, and the 
beneficial effects of polyunsaturated fatty acids against the toxic affects o f mercury may 
be dampened. Even though THg concentrations in Fort Yukon were 20 times higher than 
the reference kennel, there may not be deleterious health effects from contaminant 
exposure and additional analysis o f food samples, lipid profiles and additional immune 
parameters would be useful in understanding the flow of THg from fish to ecoreceptors, 
including subsistence users.
We observed a highly correlated inverse relationship between mercury exposure 
and antioxidant status (P = 0.026). The production o f free radicals and peroxidized lipids 
by Hg is thought to be a potential mechanism in the formation o f cardiovascular disease. 
Mercury is capable o f inducing lipid peroxidation through oxidation o f sulfhydryl groups 
in enzymes, ion channels and receptors, interfering with antioxidants systems, such as 
glutathione (1,2). The inverse relationship observed in sled dogs, supports this
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phenomenon. As mercury concentrations decreases, TAP increases, suggestion less 
interference with endogenous antioxidant defense systems.
It is extremely difficult to establish a cause and effect relationship between 
contaminant exposure and overall health because of the myriad of other influences and 
cumulative effects. Regardless, indigenous populations are keenly aware o f changes in 
their environment and food supply (3,29,33). Much of the contamination in subsistence 
foods is derived from pollutants that are not used in Alaska, indicating that this is a global 
concern. Contaminant circulation is further complicated with the large market for 
Alaskan wild salmon. Though the effects o f contaminants have an extensive web, the 
Native population is at greater risk due to their high reliance on indigenous foods. 
Continued monitoring o f contaminant exposure and health effects associated with 
subsistence diets is necessary.
5.5 Material and Methods
5.5.1 Animals
Alaskan huskies, Canis lupis familiaris raised in 4 villages along the Yukon River 
in Alaska and a reference kennel located in Salsha, Alaska (Latitude, 65°N) were used as 
test subjects (Fig. 1). The Institutional Animal Use and Care Committee at the University 
o f Alaska Fairbanks approved this study (#04-16). There were 12 dogs sampled at each 
site, including the reference kennel. The village dogs were in or around Russian Mission 
(62°N), Galena (64°N), Rampart (65°N), and Fort Yukon (6 6 °N). The dogs that were 
used in this study were typical racing sled dogs with similar lineage and age range.
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Housing arrangements varied from kennel to kennel, but most o f the dogs were tethered 
with 2 -m chains with access to shelter, water and food.
5.5.2 Diet
Village dogs were primarily maintained on subsistence diets, which included 
black bear, moose, pike, and salmon. Some diets were supplemented with donated 
human food from the community and commercial feed within the past 2  months. 
However, easily 90% of the food source in all villages in the past 2 months was seasonal 
cooked salmon from local salmon runs. The amount o f food fed to each dog was 
determined individually by the kennel owner but most dogs were maintained at an ideal 
body condition. Ideal body condition is defined as easily palpable ribs and vertebral 
spinal processes, with a slight depression between the wings o f the ileum (34, 35). On 
the sampling day dogs were fed at least 1 2  hours prior to blood collection to insure that 
the dogs were in a post-absorptive state.
5.5.3 Blood Sampling
All dogs were bled between 11:30 and 16:00, between August, 26th and October, 
7th 2006. Blood was drawn by venipuncture from the cephalic into a 12ml syringe. The 
blood was then separated into five 3 ml vacutainer tubes. Blood samples were 
centrifuged at 2500 X g for 10 min on site, transferred into freezer vials, flash frozen in 
liquid nitrogen and stored at -70°C until they were analyzed.
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5.5.4 Biochemical Analysis
The biochemical analyses, including leukotriene B4 , C-reactive protein and total 
anti-oxidant power, were performed at the University o f Alaska Fairbanks.
A commercially available competitive enzyme immunoassay from Cayman 
Chemical was used to determine plasma leukotriene levels (Catalog # 520111). Samples 
were collected in vacutainers containing EDTA and indomethacin to a final concentration 
of lOpM to prevent ex vivo formation o f eicosanoids. The principal o f this assay employs 
a LTB4  tracer conjugated to acetylcholinesterase that competes with LTB4  in the sample 
to be bound to an antibody specific to LTB4 . A reagent is then added that forms a 
complex with acetylcholinesterase to form a bright yellow color. The color is inversely 
proportional to the amount o f LTB4 in the sample. The procedure provided with the 
assay was followed and a serial dilution was performed prior to running the samples to 
determine the correct sample amount to be used and to ensure that there was no cross­
reactivity.
C-reactive protein was determined in serum samples using a commercially 
available ELISA kit from BD Biosciences (catalog #557826). This kit is a solid phase 
sandwich ELISA that utilizes an antibody specific for canine CRP pre-coated on the well 
plates. After an appropriate incubation period, horseradish peroxidase conjugated to anti­
canine CRP is added to produce antibody-antigen-antibody “sandwich”. The addition of 
a substrate produced a blue color in proportion to the amount of CRP present in the 
sample. The procedure supplied with the ELISA kit was followed.
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A commercial assay from Oxford Biomedical Research laboratory (#TA 01) was 
used to determine plasma total antioxidant power, using plasma samples collected in 
vacutainers containing Na+ citrate. In this assay, the ability o f all the antioxidants in the 
sample to reduce Cu++to Cu+ was applied as an index of the sample’s antioxidant 
capacity. The antioxidant concentrations of the samples were then determined by further 
extrapolation from a standard curve developed from known concentrations o f uric acid 
(36). The procedure supplied with the assay was followed.
5.5.5 Mercury Analysis
Total Mercury (THg) concentrations were determined on hair samples (0.2 grams) 
collected with stainless-steel surgical scissors from the front dorsal area o f the neck near 
the skin. Hair samples were washed prior to digestion. THg concentration in the hair 
samples were measured at Frontier Geosciences (Seattle, WA) using the cold vapor 
atomic fluorescence spectrometry (CVAF) method (10). The results are reported on a 
wet weight (w/wt) basis as ng/g (ppb).
5.5.6 Statistical Analysis
Samples were analyzed using SAS statistical software. Analysis o f variance was 
performed on all parameters to evaluate the effects o f sampling location on the measured 
index. One sample was removed in the Salcha group for mercury because the sample 
was more than four times the mean (34). Significant differences between sampling sites 
was determined using Tukey’s Studentized range test. Linear regression models were
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performed using all combinations of variables to determine any correlation between 
variables. Differences were considered significant at P < 0.05.
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Figure 5.1: Locations o f the sample sites along the Yukon River in the state o f Alaska. 
(A) represents Russian Mission, (B) represents Galena, (C) represents Rampart, (D) 
represents Fort Yukon, and (E) represents Salcha.
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Measured parameters in Yukon River subsistence 
fed sled dogs
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Figure 5.2: Percent o f TAP, CRP, LtB4 , and THg that each village contributed to the 
total for each biomarker measured.
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Table 5.1: TAP, CRP, ITB4, and THg concentrations in village sled dogs
Village
Variable
Village
Russian
Mission Galena Rampart Fort Yukon Salcha
TAP mean (mM) 0.133±0.04 0.12210.03 0.15210.03 0.13110.01 0.20810.07
Russian Mission 0.000
Galena 0.011 0.000
Rampart - 0.019 - 0.030 0.000
Fort Yukon 0.002 - 0.009 0.021 0.000
Salcha - 0 . 075* - 0 . 086* - 0 . 056 * - 0 . 077 * 0.00
CRP mean (pg/ml) 14.72±15.07 7.67110.37 23.1919.93 2.0312.26 8.64111.72
Russian Mission 0.00
Galena 7.05 0.00
Rampart - 8.45 - 15 . 52 * 0.00
Fort Yukon 12.69 5.64 21 . 16* 0.00
Salcha 6.08 - 0.97 14 . 55* - 6.61 0.00
LtB4mean (pg/ml) 15.75±5.03 28.19111.78 19.5917.45 12.9312.42 12.5513.14
Russian Mission 0.00
Galena - 12 .44 * 0.00
Rampart - 3.84 8 . 60 * 0.00
Fort Yukon 2.83 15 .26 * 6.66 0.00
Salcha 3.20 15 .64 * 7.04 0.38 0.00
THg mean (ng/g) 10908.313028 4528.211125 2446.811737 1822.411747 91.1118.6
Russian Mission 
Galena 
Rampart 
Fort Yukon 
Salcha
0.0
6380 . 1*
8461 . 5 *
9085 . 9*
10817 .2 *
0.0
2081.4
2705 . 8*
4437 . 1*
0.0
624.4
2355 . 7 *
0.0
1731.3 0.0
This table shows mean concentrations and standard deviations for each biomarker 
measured. Differences in mean concentrations between each village are shown and 
significant differences o f P < 0.05 are indicated with an asterisks (*).
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Chapter 6 
Future Directions 
6.1 Melatonin
Melatonin synthesis is inhibited by light on the mammalian retina and peaks in 
plasma concentrations occur during the night. There was not a significant difference in 
melatonin levels in the winter in Alaskan sled dogs between 2:00 and 8:00, unlike New 
York and Alaska summer sled dogs. This suggests that in the winter in the Arctic there is 
a longer duration o f melatonin secretion and/or the peak in melatonin production is 
shifted to the right. A shift in peak would infer an adaptation to the light cycle and longer 
duration of melatonin secretion would be a consequence o f night length. In order to 
determine which conclusion is made from the data obtained, more sample times are 
necessary between 2:00 and 8:00. Because of exceptionally long night length in 
Fairbanks, Alaska, it would be interesting to compare melatonin levels in smaller 
intervals from 15:00 on one day to 1 1 : 0 0  on the next.
6.2 Thyroid hormones
Metabolic rate and thermoregulation are key factors influenced by thyroid 
hormones. Exercise has shown to reduce thyroid hormone production in sled dogs 
(Panciera et al., 2003; Lee et al., 2004). Data presented here supported a temporary 
suppression of thyroid hormone production as a result o f exercise. The events in which 
Lee et al. (2004) measured thyroid hormone production in sled dogs is one o f the most
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extreme and publicized endurance races in the world: the 1,100 mile Iditarod sled dog 
race. Sled dogs participating in these experiments were sprint type huskies. Though all 
sled dogs are genetically similar, one type o f sled dog is an endurance athlete, while the 
other is a speed athlete. Depending on the duration of the event, it is difficult to ascertain 
which type of exercise is more physically demanding. In terms of thyroid hormone 
production, this poses some interesting questions; what type of exercise has more of an 
impact on thyroid hormone production, and how long after an extreme exercise bout of 
both types, does thyroid function return to normal? This could easily be tested by 
sampling dogs from the Iditarod and dogs from one of the most extreme sprint races, such 
as the Open North American, before, immediately after, and multiple post-race samples. 
This would also have interesting ramifications for human athletes. Exercise has many 
benefits, but at some level it becomes deleterious. The same holds true for sled dogs. At 
what intensity or duration does exercise exceed the body’s basal regulatory mechanisms?
6.3 Sled dogs as a model for nutritional adaptation in the circumpolar north
We observed varying degrees of contaminant exposure in subsistence fed sled 
dogs depending on village location. Immune parameters also differed based on location 
but leukotriene B4  and C-reactive protein did not correlate with mercury exposure. This 
may be due to differences in diet or changes in the nutrient composition of salmon as they 
migrate. In order to create a more complete profile, it is necessary to collect and analyze 
diet samples for each village. However, antioxidant status negatively correlated with 
mercury concentration in village sled dogs. Mercury is capable o f inducing lipid
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peroxidation through oxidation of sulfhydryl groups in enzymes, ion channels and 
receptors, interfering with antioxidants systems, such as glutathione (Belanger et al.,
2006; Mozaffarian and Rimm, 2006).
The current project only measured two inflammatory markers, which did not 
correlate with each other. To get a more extensive understanding o f the impacts of 
mercury exposure on immune function, additional immune parameters should be 
measured as well as individual lipid profiles. Three important inflammatory cytokines 
that will be measured in the near future include interleukin- 6  (IL-6 ), interleukin-1 (IL-1), 
and tumor necrosis factor-alpha (TNF-a).
Interleukin- 6  is a pleiotropic cytokine produced by both lymphoid and non­
lymphoid cells and plays a pivotal role in host defense, acute phase reactions, immune 
responses, nerve cell function, hematopoiesis, and bone remodeling (Shin et al., 2001; 
Somers et al., 1997; Varghese et al., 2002; Yamasaki et al., 1988). A number of 
inflammatory diseases, such as rheumatoid arthritis, glomerular nephritis, and psoriasis, 
exhibit an over-expression of IL - 6  (Shin et al., 2001).
Interleukin-1 and tumor necrosis factor-alpha are also multifunctional cytokines, 
but the biological activity associated with these two cytokines mimic each other in 
response to infection and injury. Both are endogenous pyrogens that induce shock and 
pulmonary hemorrhage and elicit such responses with a synergistic effect. The main 
difference between the two is that TNF-a has no direct effect on lymphocytes. 
Individually these cytokines display a wide array of biological effects and are produced 
and recognized by a variety o f cells. The biological roles of IL-1 and TNF-a are quite
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expansive and include key functions in inflammatory responses, antitumor activity, 
antiviral processes, and septic shock (Dinarello, 1996; Dinarello, 2000; Gruss and Dower, 
1995).
The production o f pro-inflammatory cytokines has been shown to be affected by 
environmental contaminants. Duffy et al (1996) observed significant increases in plasma 
IL - 6  and IL-1 levels of marine mammals affected by the Exxon Oil Valdez spill o f 1989. 
IL-6 , IL-1, and TNF-a are soluble, locally released inflammatory mediators produced by 
monocytes and macrophages following immune activation. T-lymphocytes produce 
cytokines. Thl lymphocytes produce pro-inflammatory cytokines, namely IL-2 and IFN- 
y that have several immunological effects, one of which is the activation o f macrophages. 
Macrophages in turn produce IL-6 , IL-1, and TNF-a (Calder et al., 2002). Although, the 
production o f proinflammatory cytokines is an essential part of response to trauma and 
infection, excessive production increases the risk of a wide range of diseases (Philpott 
and Ferguson, 2004).
Lowered prostaglandin (PG) production is associated with the consumption of a 
diet high in omega-3 fatty acids. PG inhibits lymphocyte proliferation, and the 
production of Thl cytokines. In turn, PG inhibits Major histocompatibility complex II 
expression and therefore the production o f TNF-a, IL-1, and IL - 6  (Calder et al., 2002; 
Meydani and Santos, 1999). Omega-3 fatty acids may also have a direct effect on IL-6 , 
IL-1 and TNF-a (Ciubotaru et al., 2003).
Sled dogs have been shown to be a reliable research model for studying biological 
and physiological effects associated with this unique sub arctic environment. Continued
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monitoring of reliable biomarkers of immune stress will provide an important stepping 
stone for understanding the relationship between man and the environment.
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